Various materials have been found to "catalyze" carbon nanotube growth in chemical vapor deposition (CVD) when they become nano-sized particles. These involve not only metals, such as Pd, Pt, Au, Ag, and Cu, but also semiconductors, such as Si, Ge, and SiC. Alumina and diamond nanoparticles also produce carbon nanotubes. These "catalysts", which are better called "seeds", can be categorized into two types: one type forms a eutectic liquid or highly-mobile alloy with carbon, and carbon atoms precipitate from the eutectic alloy; the other type remains as a solid phase and form a carbon surface layer during CVD growth. In this paper, we review recent studies of SWCNT growth with these non-iron-group materials and highlight the mechanisms involved.
Introduction
Carbon nanotubes (CNTs) are an interesting material from the viewpoints of not only their excellent properties which promise future applications, but also the mechanism of formation of their peculiar structures [1] . A single-walled CNT (SWCNT) is the most stable form of a single-atomic layer with macroscopic length. An understanding of the formation mechanism is crucial for controlling the SWCNT structure, namely their chirality, which determines their electronic and optical properties [2] . To date, the most versatile techniques for synthesizing SWCNTs have been those based on catalyst-assisted chemical vapor deposition (CVD) [3] . Common catalyst species are iron-group metals, iron (Fe), cobalt (Co), and nickel (Ni) [4] , which are known to have a catalytic function in assisting carbon feedstock cracking and producing graphite layers on a bulk material surface [5] . For these species, a widely-accepted growth model is based on the vapor liquid solid (VLS) mechanism as the analog of semiconductor nanowire growth from gold eutectic alloys [6] . During the CVD process, carbon-Nano Res (2009) 2: 793 799 bearing molecules are catalytically decomposed on the surface of the catalyst, which is supposed to be in the liquid phase, resulting in the dissolution of carbon atoms into the catalyst particles. Upon supersaturation of carbon concentration in a particle, carbon atoms precipitate from the catalyst, leading to the formation of tubular carbon networks around or on the catalyst. From the viewpoint of carbon solubility and carbide phase formation in the carbonmetal binary phase diagram, Fe, Co, and Ni should be the elements capable of catalyzing SWCNT growth. However, recently, many other species, palladium (Pd), platinum (Pt), gold (Au), silver (Ag), copper (Cu), and aluminum (Al), have been reported to yield SWCNTs [7 10 ]. The list is still growing, and is not limited to metals but also encompasses non-metallic species, such as silicon (Si), germanium (Ge), silicon carbide (SiC), and alumina (Al 2 O 3 ) [11, 12] . Even silica (SiO 2 ) has been reported to have the ability to catalyze CNT growth under limited conditions [13, 14] . The VLS picture may still be valid for iron-group metals, but some of the newly found species seem to involve a mechanism out of the frame of VLS. In this paper, we review SWCNT growth with noniron-group materials, and discuss the role of these materials in the CVD process.
Review of experimental results
Although various kinds of carbon-bearing gas can be used with iron-group metal catalysts, ethanol and acetylene have mainly been used for the newly-found catalyst species (Pd, Pt, Au, Ag, Cu, Ge, Si, SiC, and Al 2 O 3 , etc.). This is because pyrolysis of ethanol and acetylene takes place easily without assistance from a hot-À lament or plasma. Typical growth temperatures À are 850 950 for ethanol [7, 11] . Here, we should note that the term "catalyst" is not appropriate for the non-iron-group materials, and they should actually be called "seeds" for SWCNT growth.
There are two critical conditions for SWCNT growth from the newly-found species: the size of the seed particles and their pretreatment [7] . The particle size for efÀcient SWCNT growth must be 5 nm or less, À preferably 3 nm or less. For Al 2 O 3 , larger particles still work, probably because of their microstructures (nano-protrusions) [12] . To increase SWCNT yield, preheating of the particles in air at 850 950 is useful. Seed particles need to be exposed to ethanol vapor immediately after air heating [7] . We think that the air heating process removes hydrocarbon contaminants on the particles and produces a bare surface. Additionally, heating in air has the effect of preventing an increase in size of the metal particles. This might be due to reduced diffusion of the metal atoms in the oxidation atmosphere.
The yields of SWCNT with the newly-found metal species are generally lower than those obtained with the iron-group metals, although Au and Pt give fairly high yields. A comparison of the SWCNT density for Au-and Fe-catalyzed SWCNTs is shown in Fig.  1 . The density of SWCNTs with Au is comparable to that with Fe. However, the vertically aligned SWCNT growth that can be induced by Fe or Co [15 17 ] has never been reported with Au or Pt. Semiconductor nanoparticles give lower yields than the metal particles. Among Ge, Si, and SiC, Ge has the highest SWCNT yield. Since the melting point of Ge is much lower than those of SiC and Si, Ge nanoparticles are likely molten during CVD, which might be related to the higher SWCNT yield [11] . [18] . The SWCNTs grown with Al 2 O 3 are short and straight. The average growth rate of SWCNTs with Al 2 O 3 is about 200 nm/min, which is much lower than that with Fe (about 1200 nm/min) under the same conditions. Additionally, a low gas pressure (~2.7 kPa) is necessary for the growth of dense SWCNTs with Al 2 O 3 . These results highlight that Al 2 O 3 particles have different "catalytic" properties from the conventional metal catalysts [18] .
CNT growth using metal nanoparticles
Pd and Pt, like the typical metals able to catalyze CNT growth (Fe, Co, and Ni), have eutectic alloy phase diagrams with carbon. Thus, the VLS mechanism is able to explain CNT precipitation from nanosized Pd and Pt. On the other hand, Au, Ag, and Cu have low solubilities of carbon [19 21 ]. Nevertheless, these elements also produce SWCNTs. In addition, Au particles around 10 nm produce amorphous carbon wires as shown in Fig. 3 [22] . The carbon nanowires have a gold "cap" on the top of the wire. This shape is similar to a semiconductor nanowire with a gold "cap", which is believed to result from VLS growth [23] . This suggests that the gold nanoparticles have sizable carbon solubility. Actually, gold has a eutectic alloy phase diagram with carbon, and the carbon concentration in bulk Au at the eutectic point is ~4.7 % [19] . Even for such a low content of carbon, the VLS model could be applied to the C Au binary system. The reason why a low gas pressure is suitable for nanotube growth with Al 2 O 3 particles is explained by the low SWCNT growth rate. When the gas pressure is too high, more carbon atoms are provided than those consumed by nanotube growth. This will result in oversupply of carbon, causing carbon accumulation on the particles, and SWCNT growth will be terminated in a short time. Because of the low growth rate of SWCNTs with Al 2 O 3 , a low pressure of carbon source gas can supply carbon atoms at an appropriate rate for growth of the SWCNTs. The carbon solubility becomes h igh er in nanoparticles: this is explained by the size effect on the binary alloy phase diagram [24] . Here, we take the Au C system as an example. When the particle size decreases, the melting points of both Au and C decrease [25] . The melting point reduction causes the shift of the phase boundary between liquid (Au + C) and liquid (Au) + solid (C) to higher carbon concentrations as schematically shown in Fig. 4 [24] . Thus, the carbon solubility in the Au + C droplet, or the carbon concentration at the phase boundary at the CVD temperature, increases with decreasing Au particle size. The increase of carbon solubility with decreasing Au particle size explains the transition from carbon nanowire to nanotube formation in small Au particles [22] . Since the driving force of carbon precipitation from the Au + C droplet is proportional to the concentration difference between Nano Res (2009) 2: 793 799 the supersaturated carbon in the droplet and the equilibrium value at the phase boundary, amorphous carbon wire growth is suppressed for smaller Au particles. The increase in the carbon concentration in the particle also raises the carbon concentration on the Au particle surface and drives formation of graphene-like carbon networks, i.e., an SWCNT cap.
Thus, even for the metals with low carbon solubility, the VLS mechanism is a plausible explanation of CNT formation. However, it should be noted that a liquid phase is not essential for the VLS mechanism. Recent in situ transmission electron microscopy (TEM) observations have revealed that multi-walled CNTs grow continuously from crystalline Fe 3 C particles at 600 °C [26] . Although the Fe 3 C particle shows clear lattice fringes, the crystal structure occasionally fluctuates during CVD, indicating that the particles are near their melting point. A similar result has been reported for Ge nanowire growth with a Au catalyst [27] . At just below the melting point, the solid particle might have a high density of vacancies, which allows efÀcient diffusion of carbon atoms. The À essential feature of the VLS mechanism is carbon precipitation from the metal-carbon (bulk) alloy, not necessarily from a droplet.
CNT growth using semiconductor and alumina nanoparticles
Among the non-metallic "catalysts" employed in SWNT growth, Ge, Si, SiC, and alumina, only Ge can be assumed to involve VLS, because the melting point of bulk Ge is relatively low, 952 °C. In contrast, Si, SiC, and alumina are thought to remain solid during ethanol CVD. Their bulk melting points are high, 1410 °C for Si and higher than 2000 °C for SiC and alumina. A mechanism other than VLS must be involved for these solid "catalysts".
Very recently, diamond nanoparticles were found to act as seeds for CNT growth [28] . Interestingly, the diamond nanoparticles did not fuse with each other even when agglomerated particles were used for CVD, as shown in Fig. 5 . This result strongly suggests that CNTs were formed from solid carbon nanoparticles. Furthermore, since bulk diffusion of carbon atoms through the diamond particle is unlikely, the diamond surface must play an important role in SWCNT formation.
Si nanoparticles likely react with carbon during CVD and form SiC on the surface. Thus, Si can be regarded as the same as SiC in terms of CNT formation ability. Alumina seems very different from Si and SiC. However, it was found that carbon deposition or graphitic carbon formation occurred on a sapphire substrate, while thick carbon deposition barely occurred on a SiO 2 surface [29] . Since the chemical composition of sapphire is the same as alumina, alumina nanoparticles are likely coated with a thin carbon layer during CVD.
Therefore, for diamond, Si, SiC, and alumina it seems clear that it is carbon or carbon-coated nanoparticles which serve as seeds of SWCNT growth (Fig. 6) . Several studies have shown that SWCNTs can be grown on SiO 2 substrates without metal catalysts [13, 14] . In our experiments, by pretreatment of SiO 2 at 950 °C or a higher temperature in H 2 before CVD, a high density of SWCNTs could be grown. We also found that nano-scale carbon particles were produced besides SWCNTs [30] . Based on these results, we propose that the annealing of SiO 2 substrates in H 2 at high temperature generates defects on their surfaces, and these defects provide nucleation sites for carbon nanoparticles.
generally supposed to occur on an sp 2 -solid carbon surface. When a graphene island with Àve-membered À rings is partially formed on a nanoparticle, it lifts off the particle surface except for the edge of the island and it becomes an SWCNT-cap, as shown in Fig. 6 . The edge of the SWCNT-cap is chemically active and acts as the incorporation site for carbon adatoms. This promotes SWCNT growth. However, it is not clear what kind of interaction is present between the carbon atoms at the edge of the cap and the seed particle. The interaction should not be so strong as to prevent incorporation of carbon atoms, but not too weak as to maintain an open end of the SWCNT [33] . Theoretical studies of the nature of the carbon-seed interaction are desirable. The basic idea of this curved graphene island nucleation is that graphene patches are self-formed without catalysis by a metal. Evidence is shown in Fig. 7(a) . This is a TEM image of a Á at SiO Á 2 surface, where a graphene sheet is formed on the surface after acetylene CVD. The size of the sheet needs not be large and such a small graphene patch is easily formed. On the Fe catalyst surface, a curved sheet is formed, showing that the curved surface causes CNT cap formation. The cap in Fig. 7(b) was created by the Fe catalyst, but a graphene patch can also be selfcreated without a catalyst as shown in Fig. 7(a) . A nano-scale curved surface thus provides a template 
CNT growth mechanism from solid carbon particles
All of those results suggest that there is a path for CNT formation on the solid carbon surface other than the VLS mechanism, i.e., carbon precipitation from a carbon alloy. Takagi et al. proposed the formation of a graphene island having a À ve-membered ring on the À sp 2 -relaxed solid diamond surface [28] . In an early growth stage of a small domain of a graphene sheet on a Ni surface, a graphene island including a Àve-À membered ring was shown to be energetically more favorable than a graphene sheet composed of all sixmembered rings [31] . A similar sp 2 -bonded island with Àve-membered rings (a "cap") was shown to be À formed following the diffusion of C atoms on a 1-nm Fe particle surface by ab initio molecular dynamics simulations [32] . Such graphene island formation is for CNT-cap formation [11] . In some case, the cap covers all the surface of the nanoparticle, resulting in failure of CNT growth. In some case, the cap is smaller than the nanoparticle and lifts off the surface, resulting in successful CNT formation.
Conclusions
The various catalysts for SWCNT formation found so far can be categorized into two groups. For metals, even those with low carbon solubility, the VLS mechanism (i.e., carbon precipitation from a eutectic alloy, not necessarily in the liquid phase) is the most plausible mechanism of CNT formation. Ge is also included in this group. The ability of diamond, Si, SiC, and alumina to act as solid "catalysts" can be explained in terms of becoming carbon-coated nanoparticles. On these carbon-saturated surfaces, a graphene island with five-membered rings is formed as the nucleus of an SWCNT. A nano-scale curved surface thus provides a template for CNT-cap formation.
